We propose an approach based on a genetic algorithm (GA) to improve the sampling efficiency in terahertz time-domain spectroscopy (THz-TDS). The experimental results show that our approach can greatly reduce the sampling time whilst maintain a very high accuracy compared to high-resolution step scanning. Moreover, this approach can be easily implemented in most TDS systems equipped with a delay stage without any hardware cost. The accuracy, flexibility and efficiency indicate great potential for this approach to improve the scanning speed in a wide range of applications. Fig. 1. (a) Frequency-domain magnitude ratio and (b) absorption coefficient of the lactose by the traditional step scan and the proposed adaptive scan
I. INTRODUCTION
HE relatively low sampling speed is a major shortcoming of THz-TDS [1] . Several methods have been proposed to speed up THz sampling. For example, implementing a rotary delay line to replace the traditional linear delay stage improves the speed but detrimentally affects the signal-to-noise ratio (SNR) [2] . A complicated calibration is also needed to transfer the rotational angles to linear time steps. Another technique is asynchronous optical sampling providing fast scanning with an ultra-high frequency resolution [3] . However, two expensive femtosecond lasers are needed. Recently, He et al. [4] from our group introduced an adaptive sampling approach to shorten the sampling time to some degree by reducing the sampling points. Nevertheless, it only considered the amplitudes and amplitude changes to segment the sections, which may not provide the optimal solution. In every section, the sampling points are usually evenly distributed. Adaptively distributing the points in these sections can further improve the efficiency a lot. In this work, we use a genetic algorithm (GA) to robustly and quickly search the optimal adaptive sampling distributions. A lactose pellet was measured in transmission geometry to highlight that there was almost no sacrifice in the accuracy when the sampling time was halved. Another material isopropanol alcohol (IPA) is also measured in reflection system to illustrate the versatility of the method. The time for this sampling only costs 1/4 comparing with the traditional way while high accuracy can be assured.
II. METHODS AND RESULTS
The approach follows three steps. Firstly, a rapid scan (short integration time) acquires a coarse signal within 1 s. Secondly, the GA finds the optimal sampling points distribution adapted to the coarse signal with the number of points significantly less than that in a high-resolution step scan. Finally, the signal was adaptively sampled with much less time cost. In the second step, the scanning region was separated into sections allocated with different numbers of sampling points according to the amount of information included in the section, evaluated by the zero, first and second derivatives of the signal amplitude. The GA randomly distributed the allocated points as the initial solutions.
The solutions were then scored by the defined objective function to compare the difference with the coarse signal. The selection function keeps the top half of the solutions ranked by their scores. Crossover and mutation functions were performed in every iterated generation to evolve new solutions. The algorithm quickly converged to the global optimal after certain amount of iterations. To evaluate the algorithm, lactose, which exhibits strong absorption peaks in the THz range, was measured. The absorption peaks produce long sample echoes in the time-domain, making it a very typical case to test the adaptive sampling. The signals were measured by traditional step scan with 3700 sampling points and adaptive scan with only 900 sampling points. The magnitude ratio (MR) is calculated by the following equation: ൌ ʹͲ ଵ ா ೌ ா ೌ , where ‫ܧ‬ and ‫ܧ‬ are electric field of lactose and air in frequency-domain. Fig. 1(a) shows that from 0.1THz to 2 THz, the adaptive scan signal can almost perfectly restore the frequency spectrum. The corresponding absorption coefficient was characterized in Fig.1(b) . The adaptive scan data nicely coincides with the step scan data. The peaks at 0.53 THz perfectly match with each other, while the peaks at 1.37 THz have a positional error of 5.4 GHz and an absorption error of 5.8%. The main reason could be the poor SNR at this region as the peak attenuates over 35dB. In a summary, adaptive scanning to characterize lactose in transmission geometry maintains a high accuracy with the scanning speed improved by a factor of 2. Then the IPA was measured in reflection geometry. Details about the setup and data processing method were introduced in our previous work [5] [6] . The signals were acquired by step scan with 1600 points and adaptive scan with only 200 points. The refractive index and absorption coefficient of the IPA are characterized and shown in Fig.2 . For the refractive index in Fig. 2(a) , the value difference between step scan and adaptive scan and standard deviation are both below 1% at corresponding frequency. While for the absorption coefficient shown in (b), from 0.1 THz to 0.9 THz , the standard deviation and value difference are both below 1% as well, in the range from 0.9 THz to 1 THz, they become a little larger, but still smaller than 3%. The reason is that the frequency spectrum for IPA in the range from 0.9 THz to 1 THz is rather close to zero, so the system noise can be a considerable factor influencing sampling value. In conclusion, the adaptive scan method in reflection geometry can improve the sampling speed by a factor of 4 with almost no sacrifice in accuracy. Faster speed is possible by further optimizing the algorithm parameters. The algorithm can be versatilely adopted in most THz-TDS system to greatly improve the scanning efficiency.
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